Posttranscriptional mechanisms are important for regulation of cellular and viral gene expression. The presence of the 5= cap structure m 7 G(5=)ppp(5=)Nm is a general feature of mRNAs that provides protection from exoribonuclease digestion and enhances translation. Vaccinia virus and other poxviruses encode enzymes for both cap synthesis and decapping. Decapping is mediated by two related enzymes, D9 and D10, which are synthesized before and after viral DNA replication, respectively. The timing of D10 synthesis correlates better with the shutdown of host gene expression, and deletion of this gene has been shown to cause persistence of host and viral mRNAs in infected cells. Here, we constructed specific mutant viruses in which translation of D10 was prevented by stop codons or activity of D10 was abrogated by catalytic site mutations, without other genomic alterations. Both mutants formed plaques of normal size and replicated to similar extents as the parental virus in monkey epithelial cells and mouse embryonic fibroblasts. The synthesis of viral proteins was slightly delayed, and cellular and viral mRNAs persisted longer in cells infected with the mutants compared to either the parental virus or clonal revertant. Despite the mild effects in vitro, both mutants were more attenuated than the revertants in intranasal and intraperitoneal mouse models, and less infectious virus was recovered from organs. In addition, there was less lung histopathology following intranasal infection with mutant viruses. These data suggest that the D10 decapping enzyme may help restrict antiviral responses by accelerating host mRNA degradation during poxvirus infection. P osttranscriptional mechanisms are important for the regulation of cellular and viral gene expression at the levels of RNA stability and translation. The presence of a 5= cap structure m 7 G(5=)ppp(5=)Nm is a general feature of eukaryotic mRNAs and many viral mRNAs that provides protection from exonuclease digestion and enhances translation (1-6). In eukaryotic cells, mRNA decay begins with shortening of the poly(A) tail and proceeds in either the 5=-to-3= or 3=-to-5= direction. The latter is mediated by the cytoplasmic RNA exosome (7-9) and a scavenger enzyme that degrades the cap (8). In the 5=-to-3= pathway, removal of the cap (10-13) is followed by exoribonuclease Xrn1 digestion (14, 15) . Enzymes with nudix hydrolase motifs that decap cytoplasmic mRNA are present in Saccharomyces cerevisiae and mammalian cells and are thought to function in mRNA decay (10-13, 16, 17).
P
osttranscriptional mechanisms are important for the regulation of cellular and viral gene expression at the levels of RNA stability and translation. The presence of a 5= cap structure m 7 G(5=)ppp(5=)Nm is a general feature of eukaryotic mRNAs and many viral mRNAs that provides protection from exonuclease digestion and enhances translation (1) (2) (3) (4) (5) (6) . In eukaryotic cells, mRNA decay begins with shortening of the poly(A) tail and proceeds in either the 5=-to-3= or 3=-to-5= direction. The latter is mediated by the cytoplasmic RNA exosome (7-9) and a scavenger enzyme that degrades the cap (8) . In the 5=-to-3= pathway, removal of the cap (10-13) is followed by exoribonuclease Xrn1 digestion (14, 15) . Enzymes with nudix hydrolase motifs that decap cytoplasmic mRNA are present in Saccharomyces cerevisiae and mammalian cells and are thought to function in mRNA decay (10-13, 16, 17) .
Degradation of cellular mRNA may be advantageous to viruses by decreasing competition for the translational machinery and by reducing the synthesis of factors that contribute to the innate and adaptive immune responses to infection. The ability of viruses to accelerate mRNA decay has been intensively studied with members of the herpesvirus family, which replicate in the nucleus and utilize the transcriptional machinery of the cell (18, 19) . For alphaherpesviruses, accelerated mRNA turnover is mediated by the endoribonuclease activity of the FEN1-like viral vhs protein (20, 21) . Although deletion of the vhs gene has minimal effect on viral replication in cell culture, such mutants are attenuated in mice (22) (23) (24) . Enhanced cell mRNA turnover by gammaherpesviruses is mediated by a multifunctional protein that also has DNase activity (18) .
Rapid turnover of viral and cellular mRNAs occurs during infection with vaccinia virus (VACV), the prototype poxvirus (25) (26) (27) (28) (29) (30) (31) (32) . Poxviruses are large DNA viruses that encode enzymes and factors for replication and transcription of their genomes within the cytoplasm (33) . Analysis of mRNAs in cells infected with VACV reveals the successive synthesis of early, intermediate, and late stage viral transcripts (32, (34) (35) (36) . Transcription is mediated by a viral multisubunit DNA-dependent RNA polymerase together with stage-specific transcription factors that recognize cognate promoters. Although VACV encodes a predicted FEN1-like nuclease, it is involved in recombination and double-strand DNA repair, and there is no evidence for associated endo-or exo-RNase activity (37) . However, VACV and other poxviruses encode decapping enzymes (38, 39 ) that may play a role similar to that of the herpesvirus vhs RNase. The two decapping enzymes, D9 and D10, are approximately 25% identical in sequence; both enzymes contain nudix hydrolase motifs that are necessary for liberating m 7 GDP from capped RNA substrates. D9 is expressed before and D10 is expressed after VACV DNA synthesis suggesting roles throughout virus replication (40) . Homologs of D10 are encoded by all poxviruses, whereas D9 is encoded by most chordopoxviruses but not entomopoxviruses. A genome-wide RNA interference (RNAi) screen suggested a role for the 5=-to-3= exoribonuclease Xrn1 in VACV replication (41) , which could act in conjunction with the VACV decapping enzymes to degrade mRNA.
Two approaches have been employed to study the roles of D9 and D10 during VACV infection. Inducible overexpression of D10, and to a lesser extent D9, resulted in inhibition of virus replication accompanied with decreased levels of viral mRNA and proteins (42) . Deletion mutants were constructed by replacing the D9R or D10R open reading frames (ORFs) encoding D9 and D10, respectively, with the enhanced green fluorescent protein (EGFP) ORF regulated by a strong promoter (40) . Efforts to delete both D9R and D10R simultaneously by this method, however, were unsuccessful. While the D9R mutant showed no observable defect, the D10R mutant made small plaques and the purified virus particles had low infectivity. In addition, deletion of D10R resulted in delayed onset of early and late gene expression, and persistence of viral and cellular mRNAs in BS-C-1 cells (40) . There have been no reports on the effects of D9R or D10R deletions on the virulence of poxviruses in animal models.
In considering further in vitro and in vivo studies on the role of D10, we had concerns that the phenotype of the D10R deletion mutant might be affected by transcription of the inserted EGFP ORF regulated by a strong promoter, which could occlude neighboring genes because of inefficient termination. Indeed, this appeared to be the case with an unrelated VACV mutant (43) . In addition, there is a possibility that D10 has multiple functions. For the present study, we constructed a null mutant with stop codons that prevented D10 synthesis without perturbing the surrounding genome structure or adding an adventitious gene. In addition, we made catalytic site mutations in D10 to determine whether the phenotype would be as severe as the phenotype of the null mutant. A revertant virus was also constructed to serve as a control in addition to the wild-type (WT) virus. These new mutant viruses allowed us to investigate the phenotypes of D10R mutants in cultured cells and to assess their pathogenicity in a mouse model. Although the mutants replicated well in cell culture, cellular and viral mRNAs of the mutants persisted longer than those of the controls, and the mutants were significantly attenuated in vivo, suggesting an important role for D10 in defense against host antiviral responses.
MATERIALS AND METHODS
Cells and viruses. BS-C-1 and BHK-21 cells were grown in minimum essential medium with Earle's balanced salts (EMEM) supplemented with 2 mM L-glutamine, 100 units penicillin, and 100 g streptomycin per ml (Quality Biological, Inc.) and containing 10% fetal bovine serum (FBS) (Sigma-Aldrich). C57BL/6 mouse embryonic fibroblasts (MEFs) (ATCC SCRC-1008) were grown in Dulbecco's modified Eagle's medium (DMEM) (Quality Biological, Inc.) supplemented with 4 mM L-glutamine, 15% FBS, 100 units penicillin, and 100 g streptomycin per ml.
Construction of recombinant viruses. Vaccinia virus (VACV) recombinants were derived from the Western Reserve (WR) strain of VACV (ATCC VR-1354). The vD10mu (v stands for virus, and mu stands for mutant), vD10stop (stop stands for stop codons), and vD10rev (rev stands for revertant) viruses were constructed by replacing the EGFP ORF in v⌬D10 (40) with a mutated or wild-type D10R ORF. To generate vD10mu, the EGFP ORF was replaced by D10R containing the active site mutations E144Q and E145Q (38) by homologous recombination with DNA generated by overlap PCR containing the mutated D10R ORF flanked by portions of D9R and D11L. A similar procedure was used to generate vD10stop in which amino acids M81 and K84 of D10R were mutated to produce TGA stop codons and vD10rev in which the WT D10R replaced EGFP. Homologous recombination was carried out by infecting BS-C-1 cells with 2 PFU/cell of v⌬D10, followed by transfection of 1.5 g of D10mu, D10stop, or wild-type D10 PCR products using Lipofectamine 2000 (Life Technologies). After 24 h, cells were subjected to 3 freeze-thaw cycles, and the lysates were diluted and used to infect fresh BS-C-1 cell monolayers. Colorless recombinant plaques were distinguished from the green fluorescent parental plaques and clonally purified 3 times. The inserted regions of the recombinant viruses were PCR amplified and sequenced to confirm their identity.
Purification of virus particles. Recombinant viruses were grown in 5 ϫ 10 8 BHK-21 cells for 2 or 3 days, followed by homogenization of the cells in 10 mM Tris-HCl (pH 9.0) with a Dounce homogenizer. The cell lysates were centrifuged through a 36% sucrose cushion, and the pellet was suspended in 10 mM Tris-HCl and purified by a second centrifugation through a 24% to 40% sucrose gradient (44, 45) . The milky virus band was isolated, diluted with 1 mM Tris-HCl, and centrifuged to obtain a pellet, which was suspended in 1 mM Tris-HCl (pH 9.0). The number of virus particles was determined with a virus counter (ViroCyt, Denver, CO), and the virus titer was determined by plaque assay.
Plaque assay. VACV preparations were dispersed in a chilled bath sonicator by pulsing three times for 45 s each time followed by 10-fold serial dilutions in supplemented EMEM with 2.5% FBS. Diluted viruses were distributed to BS-C-1 cell monolayers in 6-well plates. After absorption for 1.5 h, the medium was removed, and the cells were covered by supplemented EMEM containing 2.5% FBS and 0.5% methylcellulose. The cells were incubated at 37°C with 5% CO 2 for 2 or 3 days, stained with 0.1% crystal violet in 20% ethanol, and visible plaques were counted. Alternatively, plaques were identified by immunostaining as follows. Infected BS-C-1 cell and MEF monolayers were fixed with methanol-acetone (1:1), washed with tap water, and incubated with rabbit anti-VACV antibody (1:2,000 dilution) for 1 h. The cells were washed again with tap water and incubated with a 1:3,000 dilution of protein A conjugated with peroxidase (Thermo Scientific) for 1 h. The cells were washed and incubated with the substrate dianisidine saturated in ethanol for 5 min. After color formation, the dianisidine solution was removed, and the cells were washed in tap water.
Virus yield determination. BS-C-1 cells and MEFs were grown in 12-well plates and infected with 5 PFU/cell of VACV in supplemented EMEM with 2.5% FBS for 1.5 h. The cells were washed extensively with the same medium, incubated at 37°C, and harvested at intervals. Harvested cells were lysed by 3 freeze-thaw cycles, and virus titers were determined by plaque assay on BS-C-1 cell monolayers.
Pulse-labeling proteins. The method for pulse-labeling infected cells was modified from a previous procedure (40) . Briefly, BS-C-1 cells or MEFs grown on 12-well plates were infected with 5 PFU/cell of VACV. After 1.5 h, the cells were washed and incubated with fresh medium. At subsequent times, the medium was replaced with methionine-and cysteine-free RPMI 1640 (Sigma-Aldrich) containing 2.5% dialyzed FBS (HyClone); after 30 min, the medium was replaced with fresh methionine-and cysteine-free RPMI 1640 containing 100 Ci/ml of [
35 S]methionine and [
35 S]cysteine (PerkinElmer) for 30 min. The cells were harvested, washed, lysed in buffer containing 10 mM Tris (pH 7.5), 10 mM NaCl, 2 mM CaCl 2 , 0.5% NP-40, and 1ϫ EDTA-free protease inhibitors (Roche) in the presence of 1,000 gel units of micrococcal nuclease (New England BioLabs) at room temperature for 15 min to digest DNA. Lithium dodecyl sulfate sample and reducing buffers (1ϫ NuPAGE; Life Technologies) were added to the lysates, and the resulting lysate mixtures were heated at 70°C for 15 min. Proteins were resolved on 4 to 12% NuPAGE Bis-Tris gels (Life Technologies), dried on Whatman paper, exposed to a PhosphorImager screen, and visualized by a Molecular Dynamics Typhoon 9410 molecular imager (GE Amersham).
Western blotting. Infected cells were harvested and lysed, and the proteins were resolved by electrophoresis on 4 to 12% NuPAGE Bis-Tris gels (Life Technologies) as described above. The proteins were electrophoretically transferred to a nitrocellulose membrane with an iBlot system (Life Technologies). The membrane was blocked in 5% nonfat milk in phosphate-buffered saline (PBS) with 0.05% Tween 20 (PBST) for 1 h, washed with PBST, and incubated with the primary antibody in PBST containing 5% nonfat milk for 1 h. The membrane was washed with PBST and incubated with the secondary antibody conjugated by horseradish peroxidase in PBST with 5% nonfat milk for 1 h. After the membrane was extensively washed, the amount of protein bound by the secondary antibody was visualized by SuperSignal West Femto substrates (Thermo Scientific). The antibodies used and their dilutions are as follows: rabbit polyclonal anti-actin antibody (Sigma-Aldrich) at 1:2,000, mouse anti-E3 monoclonal antibody (MAb) (46) at 1:10, rabbit polyclonal anti-D13 antibody (47) at 1:3,000, and rabbit polyclonal anti-A3 antibody (unpublished) at 1:5,000 dilution. The secondary goat anti-mouse (Thermo Scientific) and goat anti-rabbit (Thermo Scientific) antibodies were both diluted 1:3,000.
Northern blotting. Total RNA from infected BS-C-1 cells or MEFs was isolated using a RNeasy minikit (Qiagen). A sample containing 2 g of total RNA was loaded on a glyoxal gel (Life Technologies); following electrophoresis, the RNA was electrophoretically transferred to a positively charged nylon membrane using an iBlot system (Life Technologies). Subsequent steps were carried out using a Northern Max-Gly kit (Life Technologies) according to the manufacturer's instructions. Double-strand DNA probes labeled with [␣-32 P]dCTP (PerkinElmer) were made with a Decaprime II random priming kit (Life Technologies) using a 300-to 400-nucleotide PCR fragment amplified from the gene of interest. The probed membrane was exposed to a PhosphorImager screen and visualized by the Molecular Dynamics Typhoon 9410 molecular imager (GE Amersham).
Infection of mice. Three or five female 6-week-old BALB/c mice (Taconic, Germantown, NY) were kept in one cage for each treatment group. Prior to inoculation, VACV was diluted in PBS containing 0.05% bovine serum albumin (BSA). The virus titers were verified on the day of the procedure by plaque assay. For intranasal (i.n.) inoculation, mice were Determination of virulence in mice. The virulence of vD10stop, vD10mu, and vD10rev were determined by comparing the weight loss and viral titers in the organs. Following i.n. inoculation, mice were weighed daily for 17 days, and their disease symptoms were observed. The mice were euthanized when they lost 30% of their original weight, in compliance with the National Institute of Allergy and Infectious Diseases Animal Care and Use Protocols. For determination of virus titers in organs, mice were sacrificed on day 5 or day 7 following inoculation, and their organs were removed and placed in a solution containing 148 mM NaCl, 5 . Organs were homogenized, aliquoted, and stored at Ϫ80°C. Aliquots of organ homogenates were subjected to 3 freeze-thaw cycles and sonicated, and the virus titers were determined by plaque assay.
Statistical analysis. Student's t test was used to determine the significance of differences between weights of mice following virus infection. Either Student's t test or Mann-Whitney test was employed to determine the significance of differences in virus titers of organs. Kaplan-Meier plot and log rank test (Mantel-Cox test) were used to analyze the survival rates of mice. Statistical analyses were performed with GraphPad Prism version 6.00 (GraphPad Software, La Jolla, CA, USA).
Histopathology and immunohistochemistry. For evaluation of histopathology, mice were infected i.n. with vD10stop, vD10mu, or vD10rev at a dose of 10 4 or 10 5 PFU and sacrificed on day 7 or 5, respectively. The animals were euthanized by CO 2 inhalation and necropsied according to a standard protocol. The lungs and nasal turbinates were fixed by immersion in 10% neutral buffered formalin, embedded in paraffin, cut into 4-m-thick sections, and stained with hematoxylin and eosin (H&E) for examination by light microscopy. For a control for histopathology, one mouse was sham inoculated with PBS containing 0.05% bovine serum albumin and sacrificed at the Serial unstained sections were used for immunohistochemistry. The sections on slides were deparaffinized in xylenes and rehydrated through graded concentrations of ethanol. Heat-mediated antigen retrieval (Diva decloaker; Biocare Medical, Concord, CA) was carried out prior to immunostaining. A polyclonal antibody (48) , made by infecting rabbits with VACV WR, was incubated on the tissue sections for 60 min at room temperature. Bound antibody was detected using a biotinylated anti-rabbit secondary antibody followed by a Vectastain standard ABC-AP (ABC stands for avidin-biotinylated enzyme complex, and AP stands for alkaline phosphatase) kit (Vector Laboratories). Vulcan Fast Red (Biocare Medical, Concord, CA) was used as the chromogen, and nuclei were counterstained with hematoxylin.
RESULTS

Construction and replication of D10 mutants.
Starting with v⌬D10, in which the EGFP ORF had been substituted for the D10R ORF (40), we made three new constructs by replacing the EGFP ORF with WT D10R or mutated D10R ORFs (Fig. 1A) . The revertant v⌬D10rev contained the original D10R ORF, the mutant vD10stop had two stop codons near the N terminus of D10, and the mutant vD10mu had two amino acid substitutions in the catalytic site, which were previously shown to completely inactivate decapping activity in vitro (38) . The mutants were constructed by homologous recombination and identified by the absence of the green fluorescence exhibited by v⌬D10. The viruses were clonally purified by several rounds of plaque purification and analyzed by PCR and DNA sequencing. Since a previously made antibody to D10 had low sensitivity (42), additional D10rev, D10stop, and D10mu viruses were made with a 3ϫFLAG tag at their C termini. This allowed us to check the efficiency of the stop codons and the stability of the mutated protein. D10stop-3XFLAG could not be detected by Western blotting, whereas the expression of D10mu-3XFLAG was similar to D10rev-3XFLAG (data not shown).
Replication of D10 mutants. To avoid a potential effect of the epitope tag on function, all subsequent studies were carried out with the untagged mutants. The plaques formed by WT VACV, v⌬D10, and the three new viruses in BS-C-1 cells, which are commonly used with VACV, were visualized by staining with crystal violet (not shown) and antibody to VACV followed by a secondary antibody conjugated to peroxidase (Fig. 1B) . Since mouse studies were planned, we also analyzed plaque formation in MEFs (Fig. 1B) . The plaques formed by WT VACV, vD10rev, vD10stop, and vD10mu were similar in size and appearance. However, the plaques formed by v⌬D10 were slightly smaller than the others. The viruses all replicated to similar levels in BS-C-1 cells and MEFs (Fig. 1C) . In some experiments (not shown), the yields of v⌬D10 in BS-C-1 cells were less than those of the other viruses; however, when the data were combined, this was not statistically significant. A discrepancy between plaque size and virus yield can have multiple reasons that were not explored here.
Virus particles were purified from cell lysates by sedimentation through a sucrose cushion and gradient. Infectivity was determined by plaque assay, and the number of virions was ascertained by using a virus counter, which is a specialized flow cytometer that scores particles that contain nucleic acids and proteins. When propagated in HeLa cells, v⌬D10 had a higher particle/PFU ratio than WT VACV did, as previously reported (40) . However, we discovered that the calculated particle/PFU ratios of the purified mutant and revertant viruses grown in BHK-21 cells varied from 30 to 60, which was considered to be within the error of the analytical procedures. Therefore, multiplicities for infections were determined from the plaque titers.
Effects of D10 mutations on protein synthesis. VACV gene expression is divided into early, intermediate, and late stages. Early proteins may be detected by 3 h and intermediate and late proteins may be detected by 6 h with the exact times and relative amounts depending on the multiplicity and synchronicity of infection and the cell type. The progression of host cell and viral protein synthesis can be monitored by autoradiography after pulse-labeling infected cells with [ 35 S]methionine and [ 35 S]cysteine. At 3 h, there were only subtle differences between the band patterns from mock-and VACV-infected cells ( Fig. 2A) . At 6 h, there were distinct differences between the mock infection and each of the VACV infections. At 9 h, the virus-specific postreplicative protein bands were evident in each of the samples but were most intense in the WT. However, the intensities of the virusinduced proteins from the different virus infections became more similar to each other at 12 to 24 h. The bands that were predominant in the mock-infected sample were sharply reduced in all infected samples by 12 h. A similar progression was seen in MEFs (Fig. 2B) .
Viral protein synthesis was also evaluated by Western blotting using antibodies to representative early (E3), intermediate (D13), and late (A3) VACV proteins. In BS-C-1 cells, viral intermediate and late protein synthesis appeared to be slightly delayed in the D10 mutants compared to the WT (Fig. 3A) . No consistent differences in viral protein synthesis between the viruses were discerned in MEFs (Fig. 3B) .
Effects of D10 mutations on mRNA accumulation. Northern blotting was used to compare the amounts of representative cellular and viral mRNAs. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a representative cell mRNA, decreased more rapidly in BS-C-1 cells infected with the WT virus or vD10rev than in cells infected with v⌬D10, vD10stop, or vD10mu during the first 9 h, but by 12 h the RNA was barely detected in all samples (Fig. 4A) . The patterns of the two VACV early mRNAs examined, C11 and E3, were similar to the pattern of the GAPDH mRNA: more rapid degradation in BS-C-1 cells infected with the WT and revertant than in the D10 mutants (Fig. 4A) . F17 was selected as an example of a late mRNA because it migrates as a discrete band in contrast to most other late mRNAs. F17 mRNA was more abundant at 6 h and 9 h in the cells infected with the D10 mutants than in cells infected with the WT or revertant (Fig. 4A) . Similarly, C11 and F17 mRNAs were more abundant at 6 h and 9 h in MEFs infected with D10 mutants than in MEFs infected with the revertant (Fig. 4B) .
Attenuation of D10 mutants in a mouse model. We excluded v⌬D10 for animal studies because of the expression of EGFP and the smaller plaques formed by this virus. vD10rev was preferred to WT VACV as a control because it was derived from the same clonally purified parent as vD10stop and vD10mu. The mouse i.n. model has been extensively used for VACV pathogenesis studies. Morbidity, which can be followed by weight loss, results from replication of virus in the lungs, followed by viremia and dissem- ination to other organs (49) . Groups of BALB/c mice were inoculated i.n. with 10 4 , 10
5
, and 10 6 PFU of vD10rev, vD10stop, or vD10mu and monitored for 17 days. At the low dose of 10 4 PFU, only mice inoculated with vD10rev had weight loss, and there were no deaths (Fig. 5A) . The weight loss between mice infected with vD10rev and the two mutant viruses was significant (P Ͻ 0.05) from day 4 through day 15 and highly significant (P Ͻ 0.001) from days 6 to 9. At 10 5 PFU, all infected mice lost weight, but there was greater weight loss in those infected with vD10rev than with either of the D10 mutants (Fig. 5B) . The weight loss between vD10rev and the two mutant viruses was significant from days 5 through 17 (except for day 9) and highly significant for days 13 to 17. Furthermore, mice inoculated with vD10stop and vD10mu survived, whereas 70% of those receiving vD10rev died or were sacrificed because of Ͼ30% weight loss (Fig. 5C ). Statistical significance determined by a Kaplan-Meier plot and a log rank test (Mantel-Cox test) gave P values of Ͻ0.0013 for the values for mice infected with the vD10rev virus and with either the vD10mu or vD10stop virus or uninfected weight control.
The virus titers in the nasal turbinates, lungs, abdominal organs, and brain were determined on day 7 after intranasal inoculation with 10 4 PFU of vD10rev, vD10stop, and vD10mu (Fig. 6A) . Significantly higher titers of vD10rev than that of either vD10stop or vD10mu were found in the nasal turbinates (P Ͻ 0.04) and lungs (P Ͻ 0.02), though the larger amount of virus in the spleens of vD10rev-infected mice did not reach statistical significance (P Ͻ 0.06). In contrast, the differences between the virus titers of vD10stop and vD10mu were not statistically significant. In addition, virus was recovered from the livers and brains of mice infected with vD10rev but not from those organs of mice infected with vD10stop or vD10mu (Fig. 6A) . The same pattern was found on day 5 following inoculation with 10 5 PFU in an independent experiment (Fig. 6B ). Significantly higher virus titers were found in the turbinates (P Ͻ 0.01), lungs (P Ͻ 0.01), spleens (P Ͻ 0.01), livers (P Ͻ 0.02), ovaries (P Ͻ 0.01), and brains (P Ͻ 0.02) of mice infected with vD10rev than in mice infected with either vD10stop or vD10mu. Again, differences between vD10stop and vD10mu were not statistically significant (Fig. 6B) .
To evaluate the virulence of D10 mutants in vivo, tissue sections from the upper and lower respiratory tracts were examined by routine H&E staining and by VACV immunohistochemistry. There was evidence of efficient replication in the nasal epithelium and the underlying glands at 7 days after i.n. infection with 10 4 PFU of each virus (Fig. 7) . Histologically, there was hyperplasia and necrosis of nasal epithelial cells often with abundant fluid and cellular debris in the nasal passages. In the lungs, lesions were generally mild and ranged from minimal alveolitis to multifocal bronchiolar epithelial necrosis with extension into the surrounding alveoli. The extent and severity of the pathology and level of virus infection in both the upper and lower respiratory tracts were highest in mice infected with vD10rev compared with mice infected with vD10stop or vD10mu. Irrespective of the virus inoculum, the degree of histopathology and virus replication was higher in the nasal turbinates than in the lung for each animal. We also examined the upper and lower respiratory tissues of mice on day 5 after infection with 10 5 PFU of each virus. There was extensive lung pathology in each case, making comparisons difficult (data not shown).
The i.p. route has also been used to study VACV infection of mice. However, even with the pathogenic WR strain of VACV, little or no weight loss is observed and doses of Ͼ10 8 PFU are required for lethality. At 5 days after infection with 10 6 PFU of revertant and mutant viruses, the mice were sacrificed, and the virus titers in abdominal organs, lungs, brains, and nasal turbinates were determined (Fig. 8) . The titers of vD10rev were significantly higher than vD10stop and vD10mu in the liver (P Ͻ 0.02), spleen (P Ͻ 0.04), and kidney (P Ͻ 0.02). Virus was obtained only from the turbinates and brains of animals infected with vD10rev (Fig. 8) . Differences between the vD10stop and vD10rev values were not statistically significant.
DISCUSSION
Our previous studies indicated that deletion of the D10R ORF resulted in persistence of cellular and viral mRNAs over time compared to the WT virus, which could be attributed to the reduction in decapping activity (38, 40) . However, the mutant virus was constructed by replacing the D10R ORF with EGFP regulated by a strong promoter, which contributed to impaired replication of an unrelated VACV mutant (43) . Therefore, we constructed a new set of mutants without foreign genes or genome rearrangements for the present study. Starting from the original cloned deletion mutant, we made a revertant in which the EGFP ORF was replaced by the original D10R ORF, a mutant with D10R containing stop codons near the N terminus, and a mutant with D10R containing catalytic site mutations that had previously been shown to eliminate D10 decapping activity in vitro (38) . Western blotting confirmed the efficacy of the stop codons and the expression of the catalytic site mutant. The new mutants and the revertant made plaques similar in size to those of the WT virus, whereas the original deletion mutant made slightly smaller plaques, suggesting that the EGFP insertion was indeed detrimental.
The two new mutant viruses and the revertant replicated to similar titers in BS-C-1 cells and primary MEFs. We used MEFs in addition to BS-C-1 cells because our plan was to carry out experiments in mice to determine whether loss of decapping activity would affect virulence. In BS-C-1 cells, early and late viral mRNAs and cellular GAPDH persisted longer in cells infected with the mutant viruses than in cells infected with the revertant. In addition, viral protein synthesis was slightly delayed in BS-C-1 cells infected with the mutants compared to cells infected with the revertant. Persistence of viral mRNAs also occurred in MEFs infected with mutants compared to the revertant, although the time course of viral protein synthesis was similar. Thus, both the virus with the stop codon and virus with catalytic site mutations replicated normally in cultured cells, and the major defect with each appeared to be greater stability of mRNAs. Further studies with WT and D10 mutants are planned to determine whether there is specificity in decapping and degradation of cellular mRNAs. Interestingly, global host protein shutoff occurred at late times despite the absence of the D10 protein, indicating that additional factors are responsible. In our previous study (40) , host shutoff was unaffected by D9 deletion, and the early synthesis of this protein does not correlate with the late shutoff of host protein synthesis. Nevertheless, it is possible that the host shutoff is determined by the combined action of the two decapping enzymes. Since previous efforts to make a double D9/D10 deletion mutant failed (40), we are working on alternative approaches to achieve this goal. However, other mechanisms, including the sequestering of translation factors in virus factories, may contribute to inhibition of host protein synthesis (50, 51) .
In contrast to the mild effects in vitro, the stop codon and active site mutant viruses caused less weight loss and mortality than the revertant virus following i.n. infection of mice. Moreover, the titers of the revertant virus were significantly higher than those of the mutants in the nasal turbinates, lungs, livers, spleens, ovaries, and brains of mice infected with virus in independent experiments carried out with different doses of virus. Histological examination of the lungs confirmed less extensive pathology in mice infected with the mutants. Significantly higher organ titers of revertant virus compared to mutant viruses were also recorded after i.p. infection of mice. The similar in vitro and in vivo results obtained with the null mutant and the active site mutant indicated that the attenuation is due to decreased decapping activity, rather than another unknown activity of D10. The more dramatic effect of the VACV decapping mutants in mice compared to cultured cells parallels that found for herpes simplex virus (HSV) vhs mutants. There is accumulating evidence that by accelerating mRNA decay, vhs counters innate and adaptive immune responses (24, (52) (53) (54) and is important for pathogenicity (22, 23, 55, 56) . Although VACV accelerates host mRNA decay by a different mechanism than HSV, the end result for both may be to diminish the magnitude of antiviral responses.
